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ArabidopsisMicroRNAs (miRNAs) regulate gene expression at the post-transcriptional level in eukaryotes. Exclusive focus
on mature miRNA in most expression proﬁling efforts has prevented effective measurement of the expression
of individual miRNA (MIR) genes. Using three sequenced small RNA libraries, we adapted miRDeep, which
employs a probabilistic model of miRNA biogenesis, to analyze the miRNA transcriptome in Arabidopsis. We
determined that less than 40% annotated MIR genes are expressed in shoot, root or inﬂorescence. We found
that within paralogous families the expression pattern of individual genes correlates with the phylogenetic
distance. Combining novel candidates identiﬁed in this study, we deduced the maximal number of expressed
MIR genes. We further estimated the sequencing depth necessary to reach a near-saturated detection rate by
curve ﬁtting simulation. These results demonstrate that signature distribution of small RNA reads along the
miRNA precursor is an effective model to proﬁle MIR gene expression in Arabidopsis.l rights reserved.© 2011 Elsevier Inc. All rights reserved.1. Introduction
MiRNAs are emerging as an important class of gene regulators
functioning at the post-transcriptional level. Although mature
miRNAs are only 20- to 24-nucleotides in length, they are processed
from much longer primary transcripts known as pri-miRNAs via
stem–loop structured intermediates called pre-miRNAs [1–4]. In
higher plants, pri-miRNA and pre-miRNA processing is carried out
in the nucleus mainly by the endonuclease Dicer-like 1 [5]. As a
consequence of these processing events, two complementary short
RNAmolecules are generated. In plants, the duplex is end-methylated
[6] and then transported to the cytoplasm [7]. Only thematuremiRNA
is integrated into the RNA-induced silencing complex (RISC) whereas
the complementary RNA, RNA*, is degraded as a RISC substrate [1,8,9].
Afterwards, miRNAs base-pair with their targets and direct either
cleavage [10] or translational repression [11] of the target transcripts.
Following the initial discovery of miRNAs in the worm C. elegans
[12,13], much attention has focused on the identiﬁcation of miRNAs
and their target genes in various model organisms. Large numbers of
miRNAs have been identiﬁed in many experimental systems. They
impact a substantial portion of the transcriptome. In higher plants,
many miRNA–target pairs have been experimentally identiﬁed or
computationally proposed [3,14,15]. It is now well-established that
these gene circuits are crucial for plant development and responses to
environmental challenges [3,4,16].MIR genes are transcribed by RNA polymerase II [17,18], which
means their expression is subject to similar regulatory mechanisms as
protein-coding genes. Transcriptional control is thus important for
cell- and development-speciﬁc function of miRNAs. There has been a
surge of interest in the past decade in proﬁling the expression pattern
ofmiRNAs using various experimental approaches [19]. Most recently,
deep sampling of speciﬁcally prepared low-molecular-weight RNA
libraries based on next generation sequencing platforms has been
used to identify miRNAs in various plant species. In addition to
validating annotated miRNAs, sequencing of small RNA populations is
increasingly revealing novel miRNAs not conserved across different
species [15,20–22].
An advantage of the sequencingmethod is its sensitivity in detecting
even poorly expressed or species-speciﬁc miRNAs [23]. As essentially a
random sampling process from a very large population of small RNAs,
the potential of deep sequencing to provide quantitative information on
the expression pattern of miRNAs has been explored [15,24]. However,
the recovery of sequence reads may not be uniform across the
transcriptome in high throughput sequencing efforts [25]. For example,
GC-rich sequences may be over-represented while AT-rich sequences
under-represented. The read mapping procedures may also generate
regional bias. Because reads that can be mapped to multiple loci are
usually discarded, genomic regions with higher degeneracy typically
show lower read coverage. Local DNA or chromatin structure could lead
to coverage heterogeneity as well.
Additionally, even with the information-rich deep sequencing
data, an exclusive focus on mature miRNAs, the ﬁnal gene products,
could result in limitations in terms of comprehensively proﬁling the
miRNA transcriptome [26]. Besides technical considerations regarding
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the miRNA-centric approaches is their failure to take into account the
fact that many miRNAs are encoded by gene families [27]. Further,
miRNA families are known to keep expanding in evolution [28,29].
Different family members can conceivably contain different combi-
nations of cis-regulatory elements and contribute to regulatory
complexity. In plants, this notion is supported by bioinformatics
[30,31] as well as experimental evidence [32,33]. New strategies and
tools are thus highly desirable in fully utilizing the deep sequencing
data to gain insights into the regulation and function of individualMIR
genes.
Unique to the maturation of miRNA is the cutting of the stem–loop
structured pre-miRNA into the miRNA:miRNA* duplex and the
subsequent unwinding of the duplex. Processing of the miRNA
precursors thus releases three species of small RNAs with various
lengths: mature miRNA, miRNA* and fragments of RNA derived from
other parts of the stem–loop structure. Typically the mature miRNAs
are much more stable, which results in uneven abundance of the
different small RNA species derived from the same pre-miRNA. The
programmiRDeep employs a probabilistic model of miRNA biogenesis
to score compatibility of the nucleotide position and frequency of
sequenced small RNA reads with the secondary structure of pre-
miRNAs [26]. Herewe report our effort to adaptmiRDeep to themodel
plant Arabidopsis thaliana. Applying the modiﬁed miRDeep program
to three sequenced small RNA libraries, we determined the expression
status of individual MIR genes in a given library (gene-level
expression). Our results are useful for further characterizing the
miRNA transcriptome in plants.2. Materials and methods
2.1. Plant materials
Wild type plants used in thisworkwere Arabidopsis thaliana ecotype
Col-0. The lost-of-function hen1mutant was described previously [34].
Seeds were placed on GM media and incubated at 4 °C in the dark for
4 days. The cold-treated seeds were exposed to continuous white light
(170 μmol s−1 m−2) at 22 °C for 7 days. Seedlings were then trans-
ferred to soil and maintained under continuous light until ﬂowering.2.2. Data sources
Sequence reads in the shoot (GSM442935), root (GSM442933) and
inﬂorescence (GSM277608) small RNA librarieswere downloaded from
NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/).
The three libraries contain 5,003,481, 4,919,514, and 9,777,263 reads,
respectively. Annotated miRNA and pre-miRNA sequences for Arabi-
dopsiswere obtained frommiRBase (http://www.mirbase.org/; release
15). Arabidopsis genomic sequence was obtained from The Arabidopsis
Information Resource (http://www.arabidopsis.org/; version 9). The
index ﬁles of Arabidopsis genome (TAIR9) were downloaded from the
Bowtie website (http://bowtie-bio.sourceforge.net/).2.3. Mapping small RNA reads
Identical reads from the same sequenced small RNA libraries were
collapsed and the copy number was recorded. We then employed
Bowtie [35],which indexes the genomewith a Burrows–Wheeler index,
to map the collapsed sequence reads into the indexed Arabidopsis
genomic sequences. We only retained the reads that were perfectly
mapped to the indexed genome (Bowtie parameters −a −v 0). The
same strategy was also used to index the miRNA precursor sequences
and to map small RNA reads to the indexed precursor sequences.2.4. Modiﬁcations to miRDeep
The miRDeep package consists of a series of Perl scripts designed
to sequentially process the small RNA sequence reads [26]. These scripts
were downloaded from http://www.mdc-berlin.de/en/research/
research_teams/systems_biology_of_gene_regulatory_elements/
projects/miRDeep/index.html. We tailored several of these scripts for
the purpose of this study. First, we replaced BLAST with Bowtie as the
mapping tool. Second, the constant −c in ﬁlter_alignment.pl, which
denotes the maximal mapping loci allowed for each retained read, was
set at 15 insteadof 5because the largestArabidopsismiRNA familyhas 14
members. Third, we changed the default length of pre-miRNA precursor
from 110 bp to variable. Forth, we modiﬁed the way of scoring the
minimum free energy by setting up a max value based on the Gumbel
distribution because with increased pre-miRNA length the value of
minimum free energy becomes smaller. Finally, to score annotatedMIR
genes, genomic sequences corresponding to the stem–loop structures
were extended by 500 bp on both ends. The extended sequences were
used as the genomic context for the corresponding pre-miRNAs. To
identify novel miRNAs, all readsmapped to the Bowtie-indexed genome
were used to extract the 250 bp bracketing sequences to be processed
with themodiﬁed miRDeep package. Then, the candidates were ﬁltered
with criteria speciﬁc to the miRNA:miRNA* duplex in plants [27]. All
scripts can be downloaded at https://sourceforge.net/projects/mirdp/.
2.5. Phylogeny of pre-miRNAs
Of the Arabidopsis MIR genes belonging to families with at least
three paralogousmembers, the pre-miRNA sequences were employed
to deduce the phylogenetic relationship using ClustalW2 of EMBL-EBI
(http://www.ebi.ac.uk/Tools/clustalw2/). The default parameters
were used and UPGMA was chosen as the option for clustering.
2.6. Estimating the relationship between detected MIR genes and
sequencing depth
Sequence reads in the shoot library was randomly picked out at
ﬁve different simulated sequencing depths (i.e. 200,000; 400,000;
600,000; 800,000; and 1,000,000 perfectly mapped reads), which was
reiterated three times. Each simulated data was processed using
modiﬁed miRDeep to detect expressed MIR genes. A logistic function
was used to ﬁt the resultant datasets:
m tð Þ = K
1 + Ce−rt
where m(t) is the number of detected MIR genes, t is the sequencing
depth, K is the theoretic maximal number of expressed MIR genes as
t→∞, C is an arbitrary constant, and r is a positive parameter. The best
ﬁt curve was identiﬁed as previously described [36] whereby r was
determined based on minimum error E. The following equation was
used to calculate the value of E:
E = ∑
n
i=1
m tið Þ−mið Þ2
where m(t)i is the number of detected MIR genes at each simulated
sequencing depth, and mi is the value of the simulated curve at the
same depth. The minimum value of E was searched by the function
fminsearch in MATLAB with an initial estimation as previously
described [36].
2.7. Northern blot analysis
Total RNA was extracted using TRIzol agents (Invitrogen) and
treated with RNase-free DNaseI (Invitrogen) as recommended by the
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12% denaturing polyacrylamide gel containing 7 M urea and electri-
cally transferred to Hybond N+ nylon membrane (GE Healthcare Life
Sciences). Blots were hybridized overnight with respective miRNA-
complementary oligonucleotides end-labeled with digoxigenin-11-
ddUTP (Roche) at 42 °C in hybridization buffer [1% (W/V) BSA, 0.5 M
Na2HPO4, 15% (V/V) formamide, 1 mM EDTA, and 7% SDS (W/V)] after
pre-hybridization for 2 h. Blots were thenwashed using the DIGWash
and Block Buffer Set and incubated with Anti-Digoxigenin-AP
antibody (Roche) as recommended by the manufacturer. Blots were
equilibrated in detection buffer for 5 min, and incubated for 15 min
with the CDP-Star solution (Roche) applied before exposure to X-ray
ﬁlms.
3. Results
3.1. Modiﬁcation of miRDeep to score deep sequencing data from
Arabidopsis
After anchoring small RNA reads to the genome, miRDeep employs
a probability model to separate endogenous pre-miRNAs from other
stem–loop containing loci based on distribution of the reads (Fig. 1A).
A key technical consideration for applying this method is the size of
the window (N) bracketing the RNA:DNA alignment within which to
compute the secondary RNA structure (Fig. 1B). For animals, a single
default value of N at 110 bp is sufﬁcient [26] because of the little
variation in either the loop sizes or the position of the miRNA:miRNA*
duplex within pre-miRNAs [37]. In contrast, the length of pre-miRNAs
in plants is much longer and more variable [27]. To adapt miRDeep to
plant systems, we utilized training data from Arabidopsis to
experimentally establish the appropriate N value.
The trainingdata consisted of 199 annotated pre-miRNAs anda set of
sequenced small RNA libraries prepared from shoot, root and inﬂores-
cence (Table 1). All reads pertinent to the pre-miRNAs were retrieved.
For each mapped read, local sequence entailed by different N values
were used to score theMIR gene bymiRDeep. Althoughmore expressed
MIR genes were detected in shoot than in root and inﬂorescence, we20 bp
N
A
B
C
miRNA precursor
non-miRNA precursor
Fig. 1. Using miRDeep to score deep sequencing data from Arabidopsis. (A) The core algorithm
derived from amiRNA precursor are considered to have certain probabilities of being sequen
the potential to form an RNA hairpin but is not processed into pre-miRNA. Mapped small RN
regions bracketing the aligned small RNA reads within which to compute the RNA secondar
Arabidopsis. (C) Testing the detection rate of expressed MIR genes with different N valu
inﬂorescence were processed in miRDeep when different N values were used. Number of tfound that the trend lineof detection rate as a functionofNwas the same
for all three libraries. As shown in Fig. 1C, the slope is steepest when N
increases from 100 to 150 bp as many pre-miRNAs in Arabidopsis are in
this size range. Consistent with the diverse sizes of plant pre-miRNAs,
the curves peakat anNof 250 bp anddecline slightly thereafter (Fig. 1C).
We found the problem of using unnecessarily large windows is that it
may complicate prediction of the secondary structure andhence obscure
the miRNA:miRNA* duplex for a few pri-miRNAs (Supplemental Fig. 1).
Therefore, we conclude that an N value of 250 bp is optimal for using
miRDeep in Arabidopsis.
3.2. Determination of gene-level miRNA expression using modiﬁed
miRDeep
The primary purpose of analyzing the signature read distribution
along pre-miRNAs inmiRDeep is to identify bone ﬁdemiRNAs [26].We
reasoned that this approach should also be useful to determine gene-
level expression of the MIR genes to the extent permitted by
divergence of the pre-miRNA sequences as many MIR genes encode
identical or near-identical mature miRNAs. Toward this goal, we
proﬁled tissue-speciﬁc expression of individual MIR genes using
modiﬁed miRDeep. We detected 81, 70 and 54 expressed MIR genes
from shoot, root and inﬂorescence, respectively (Table 1). Collectively,
90 annotated MIR genes were determined to be expressed in at least
one organ type (Supplemental Table 1). These results indicate that
expressedMIR genes may not exceed 40% of the annotated total at the
current sequencing depth in major plant organ types when gene-level
expression is considered.
We performed two independent analyses to validate the results on
MIRgeneexpression. First,we carriedoutNorthernblotting toproﬁle the
expression levels of eight randomly selected miRNAs in shoot, root and
inﬂorescence.Wewere able to detect expression for six of themiRNAs in
at least one organ type while expression of two miRNAs was not
detected under our experimental conditions, which is consistent with
the miRDeep result (Fig. 2). The six miRNAs belong to distinct families
containing a single or paralogous members that share identical mature
miRNAs. The Northern result is clearly consistent with expressionN
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Table 1
Sequence reads and detected miRNAs and MIR genes in three independent small RNA
libraries from Arabidopsis.
Sample Mapped
readsa
Recovered
miRNAsb
Expressed MIR
genesc
Novel MIR
genes
Shoot 1,235,891 105 81 9
Root 690,294 88 70 10
Inﬂorescence 589,535 65 54 6
a Number of reads that could be perfectly aligned to the Arabidopsis genome
sequence.
b Number of unique miRNAs with at least one matching sequence read retrieved.
c Number of the 199 annotated MIR genes considered to be expressed.
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singlemember families. For themultiplemember families,we found that
the combined expression pattern of individualMIR genes showed strong
agreement with that from the Northern analysis (Fig. 2).
Next we examined the relation between the copy number of
mature miRNAs in the sequencing data and the expression status
determined by miRDeep. From shoot, root and inﬂorescence, at least
one copy was retrieved for 105, 88 and 55 distinct mature miRNAs,
respectively, greater than the number of MIR genes considered to be
expressed (Table 1). We observed that the non-expressed MIR genes
in general have lower copy number of retrieved mature miRNAs than
the expressed (Supplemental Fig. 2). Further, we found that many of
the non-expressed MIR genes with retrieved mature miRNAs belong
to multiple member families, indicating that counting the mature
miRNAs alone may lead to an overestimation of the number of
expressed MIR genes. Together our results provide a conservative yet
reliable estimation of gene-level miRNA expression in Arabidopsis.Fig. 2. Northern blot analysis of the expression pattern of annotated miRNAs. RNA blots
hybridized with probes complementary to the mature miRNAs are shown on the left.
Ethidium bromide staining of the low-molecular-weight fraction of total RNA is used as
a loading control. The expression pattern of individual genes deduced from the
sequencing data is shown on the right with genes with identical pattern combined. The
gray boxes represent expression and the blank boxes represent no expression. S, shoot;
I, inﬂorescence; R, root.3.3. Relating MIR gene expression to pre-miRNA phylogeny
To further validate the gene-speciﬁc expression pattern and to
gain insight into the transcriptional relationship of paralogous MIR
genes, we sought to analyze the phylogeny of the pre-miRNAs. Based
on the mature miRNAs, the 199 Arabidopsis MIR genes can be grouped
in 122 families, with 17 of which including at least three paralogous
members. Of the 17 families, 13 include at least two members
considered to be expressed bymiRDeep. Of these 13 families, we were
able to construct the phylogeny for 10 families based on pre-miRNA
sequences while the other three were excluded from this analysis
because of the large variation in the length of the pre-miRNAs. We
found that the organ-speciﬁc expression has co-evolved with the pre-
miRNAs for seven of the 10 families (Fig. 3; Supplemental Fig. 3). Such
a strong correlation (hypergeometric test, Pb0.05) of gene-level
expression with the phylogenetic distance between pre-miRNAs thus
can be viewed as evidence supporting the expression pattern.
For example, the miR169 family has at least 14 members in
Arabidopsis. Based on phylogenetic clustering of the pre-miRNAs, the
miR169 family can be grouped into three major clades (Fig. 3). The
smallest clad consisting of MIR169a is expressed in none of the three
organ types. By contrast, the clad consisting of MIR169i/j/k/l/m/n was
detected in root and shoot but not in inﬂorescence. The only exception
in this clad is MIR169i which is not expressed in either organ.
Meanwhile, members from the branch consisting of MIR169b/c/d/e/f/
g/h were detected in the ﬂoral tissue as well (Fig. 3). These results
indicate that gene-level expression determined from the sequencing
data is consistent with the phylogenetic relationship for most miRNA
families and provide useful information to further study transcrip-
tional regulation of paralogous MIR genes.3.4. Organ-speciﬁc expression of conserved and non-conserved MIR genes
Although the largest number of expressedMIR genes was found in
shoot, normalization against the number of perfectly mapped reads
indicates that the size of the miRNA transcriptome in the three organ
types is comparable (Table 1). To further analyze the expressed MIR
genes, we examined their organ-speciﬁc expression pattern. This
analysis revealed that the 90 expressedMIR genes include two groups
with distinct expression domains. Group I contains 40 genes that were
detected from all three organs. Group II includes 15 genes (eight,
three, and four from shoot, root and inﬂorescence, respectively) that
were uniquely detected in only one of the examined organs (Fig. 4A).S RI
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Fig. 3. Relating miRNA expression to pre-miRNA phylogeny for the miR169 family. The
annotated pre-miRNA sequences were used to construct a phylogenetic tree. The gene-
level expression proﬁle of family members is depicted to the right of the tree. A gray box
represents expressionwhile a blank box represents noexpression. S, shoot; I, inﬂorescence;
R, root.
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44 X. Yang et al. / Genomics 98 (2011) 40–46To compare Group I and II genes, we searched all 199 genes against
those annotated in other plant species. We considered a gene to be
conserved if the encoded miRNA could be found in at least one other
plant, which is the case for 102 MIR genes. The 97 remaining genes
encode miRNAs that are only found in Arabidopsis and thus deemed
non-conserved. We observed that 32 of the 40 (80%) Group I genes,
which are expressed in all three organs, are conserved. In contrast, only
two of the 15 (13%) Group II genes are conserved (Fig. 4B). The relative
portion of conserved and non-conserved genes in Groups I and II is thus
signiﬁcantly different (chi square test, Pb0.05). Consistent with
previous reports concerning only the mature miRNAs [15,20–22], our
results suggest that genes encoding conserved miRNAs in Arabidopsis
tend to be constitutively activated while expression of non-conserved
ones is more organ-speciﬁc.
3.5. Detection of putative novel MIR genes
Accurate proﬁling of gene-level expression suggests that this
method can be applied to unambiguously detect novel MIR genes.
From all small RNA reads mapped to the genome, 9, 10 and 6 candidate
MIR genes were detected usingmodiﬁedmiRDeep from shoot, root and
inﬂorescence, respectively (Table 1). Combined, a total of 18 putative
novel MIR genes encoding 15 distinct miRNAs were identiﬁed
(Supplemental Table 2). An example is illustrated in Fig. 5A. We
randomly selected seven novel miRNAs and performed Northern blot
analysis to conﬁrm their expression in shoot, root and inﬂorescence. In
wild type plants, Northern signals from ﬁve predicted miRNAs were
detected that are in general consistent with the expression pattern
determined bymiRDeep (Fig. 5B). Further, no signal was detected in the
hen1mutant inwhichmiRNA biogenesis is defective [6]. Together these
results indicate that the novel MIR genes encode authentic expressed
miRNAs.the candidateMIR gene NM03. The mature miRNA is shown in bold letters. (B) Northern
ncing data is shown on the left where a gray box represents expression and a blank box
re miRNAs in wild type as well as hen1 plants are shown on the right. MiR167 was used
w-molecular-weight fraction of total RNA was used as the loading control. S, shoot; I,
45X. Yang et al. / Genomics 98 (2011) 40–46Among the putative novelMIR genes, 5 (28%)were retrieved from at
least two libraries and 13 (72%) from just one (Supplemental Table 2).
This high degree of organ-speciﬁcity suggests that they are likely non-
conserved (comparing to Fig. 4B). Indeed, searching the novelMIR genes
against all annotated in plants revealed that only NM14 encodes a
documented miRNA — a new member of the miR156 family (Supple-
mental Fig. 3). In addition, NM08 has been annotated as MIR3933 in
another deep sequencing effort that appears to be unique to Arabidopsis
[38]. Collectively, these results indicate that there are a large number of
expressed novelMIR genes that warrant further investigation.3.6. Simulating the relationship between MIR gene detection rate and
sequencing depth
Reliable estimation of gene-level expression from deep sequencing
data prompted us to examine the relationship between MIR gene
detection rate and the sequencing depth. To this end, we used a
simulation approach in which we randomly selected perfectly mapped
sequence reads to create ﬁve arbitrary sequencing depths. We used the
shoot library because it contains the most mapped reads (Table 1). The
ﬁve resultant subsets of reads were processed using modiﬁed miRDeep
and the number of detected MIR genes at each simulated sequencing
depth was calculated. After reiterating this process for three times, we
performed curve ﬁtting to determine the mathematical relationship
between the number of detectedMIR genes and the number of perfectly
mapped reads (Fig. 6). We chose the logistic function because it is
considered to be able to best describe the enlargement in a number of
detected genes as the simulated sequencing depth increases [36].
Successful ﬁtting the simulated data with a speciﬁc logistic curve
indicates that, assuming sampling of the RNA population is unbiased,
there would be a ﬁnite number of perfectly mapped reads that is
needed to reach a saturated detection rate of expressed MIR genes
(Fig. 6). Meanwhile, the maximal number of expressed MIR genes in
individual libraries could be mathematically predicted. We estimated
that such a maximal number is 94 in shoot and a total of 1.13 million
perfectly mapped sequence reads are sufﬁcient to detect 95% (~90) of
the expressed MIR genes (Fig. 6). Interestingly, at the current
sequencing depth (1.24 million perfectly mapped reads) in shoot,
90 MIR genes (81 annotated plus 9 predicted; Table 1) were indeed
detected (Fig. 6), attesting to the accuracy of the simulation approach.0.2 0.4 0.6 0.8 1.0 1.2 1.4
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Fig. 6. Simulation of the relation betweenMIR gene detection rate and sequencing depth
by curve ﬁtting. Perfectly mapped sequence reads from the shoot library were randomly
retrieved to create ﬁve different simulated sequencing depths. The number of expressed
MIR genes was determined at each depth. The scatter plot represents results from three
independent simulations and was used for curve ﬁtting. The star sign indicates the actual
data from the shoot library. Dashed lines indicate a 95% detection rate of the theoretic
maximal number of expressed genes and the corresponding sequencing depth.4. Discussion
Although the potential impact of systematic biases of high
throughput sequencing has not been assessed for small RNA libraries
in plants, we show here that miRDeep is an effective computational
tool for proﬁlingMIR expression and discovering new miRNAs. When
using miRDeep, sequence reads are ﬁrst aligned to the genome [26].
The DNA sequences from the genomic window bracketing the
alignments are then extracted and computed for RNA secondary
structure. Plausible miRNA precursor sequences based on the
characteristic stem–loop structure required for Dicer-mediated
miRNA processing are identiﬁed. Finally, miRDeep calculates the
likelihood of the observed read distribution along the putative miRNA
precursors and outputs a scored list of mature miRNAs as well as the
precursors [26]. Given the high conservation of miRNA biogenesis
between animals and plants [1,39,40], miRDeep should be useful in
processing deep sequencing data generated in plant systems as well.
In contrast to animals in which the miRNA precursors have in
general uniform sizes [37], the length of pre-miRNAs in plants is much
longer and more variable [27,41,42]. Thus the optimal window size
encompassing the RNA:DNA alignment needs to be determined for
plants. While smaller windows would exclude detection of legitimate
miRNAs with long precursors, larger windows may increase the
computational cost and create difﬁculties in extracting precisely the
pre-miRNA information. Utilizing annotated miRNAs and representa-
tive deep sequencing data in the model plant Arabidopsis, we
experimentally determined the optimal window size to be 250 bp
(Fig. 1). This window size was also found to be optimal when training
data from rice, another model plant, was used (Supplemental Fig. 4).
Together these results demonstrate that miRDeep can be adapted to
plants with speciﬁcally modiﬁed parameters.
As a novel application ofmiRDeep,we sought to determine the gene-
level expression proﬁles of annotated MIR genes in three major organ
types: shoot, root and inﬂorescence. Compared to othermiRNA-proﬁling
methods focusingon thegeneproduct, our results aremore conservative
as paralogous genes encoding the same miRNAs were distinguished.
Indeed, less than 40% of the annotated genes were considered to be
expressed in any of the three organs using available deep sequencing
data (Fig. 1C; Table 1). Several lines of evidence indicate that gene-level
expression is informative regarding regulation of the MIR genes.
Although results from Northern blot analysis on selected miRNAs are
highly agreeablewith the combinedexpressionpatterndeduced fromall
related MIR genes (Fig. 2), we found that paralogous members of the
same family often have a different expression pattern (Supplemental
Table 1). When expression domain of individual MIR genes within a
family was compared, a strong correlation with the phylogenetic
distance was observed (Fig. 3; Supplemental Fig. 3). Comparison of the
expression domain further revealed that genes encoding conserved
miRNAs are more constitutively expressed than the non-conserved
(Fig. 4). Taken together, these results provide conservative but accurate
gene-level expression information on the miRNA transcriptome in
Arabidopsis.
Different from the small but abundant miRNA families in animals,
plants have fewer but larger families [29,43]. Members of plant MIR
families are often highly similar, suggesting recent expansion via tandem
and segmental duplication events [29]. Previous bioinformatic analyses
indicate that promoters of family members contain shared as well as
unique motifs [30,31]. Together with our results on the gene-level
expression, these ﬁndings collectively argue for a scenario in which the
paralogous members have overlapping expression domain dictated by
shared cis-regulatory elements while regulatory elements unique to
speciﬁcmembersdrive theexpressiondomain to adifferent cell type. This
notion has been veriﬁed bymolecular genetic studies. For example, there
are sixMIR395 genes (MIR395a–f) in Arabidopsis. When the promoter of
individual family member was used to drive the expression of the green
ﬂuorescent protein (GFP), it was found that family members share the
46 X. Yang et al. / Genomics 98 (2011) 40–46same tissue- and cell-speciﬁc patterns of GFP expressionwhile additional
expression was observed for some individual members [32]. It would be
of great interests to further investigate the expression pattern of miRNA
families by increasing the sample sizes. The expanded expression proﬁles
with higher cellular resolution should offer desired information that can
be used to trace evolutionary changes in the cis-regulatory elements and
hence subfunctionalization of theMIR genes.
Reliable estimation of gene-level MIR expression from deep
sequencing data allowed us to use a curve ﬁtting approach to determine
the relationship between detection rate and the sequencing depth. We
found that a logistic function can be used to perfectly describe this
relationship (Fig. 6), indicating that therewould be a theoretic maximal
number of expressed MIR genes that can be detected by deep
sequencing. We inferred this number to be 94 for shoot and estimated
that 1.13 million perfectly mapped reads are sufﬁcient to detect 95% of
the expressed genes. Interestingly, the estimated numbers were
validated by the actually detectedMIR genes at the current sequencing
depth (Fig. 6; Table 1), indicating that most expressed genes have been
discovered. Taken together, results from the current study demonstrate
that the gene-level expression information is helpful toward fully
elucidating the miRNA transcriptome in plants.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ygeno.2011.03.011.
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